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Swelling and shrinking in clay minerals, such as the NA-montmor-
illonite shown, occurs in a stepwise fashion and by different pathways.
Through simulations it has been shown that a free-energy barrier
separating stable layered hydrates is the cause of this hysteresis. For
more information see the Communication by T. J. Tambach et al. on the
following page.
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Swelling**
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Clay minerals are an important class of materials because
they are extensively present in many soils and sediments.[1]
They are also used in many very different applications, such as
construction material, additives to mud drilling, or catalysis.[2]
In these applications it is important to control the swelling
properties of clay minerals. For example, the extreme swelling
capacity of these materials can cause severe difficulties for
construction on clay soils.[3] Depending on their structure,
certain clay minerals are capable of swelling as a function of
the relative humidity,[4–9] salt concentration,[10, 11] or temper-
ature.[12,13] From a fundamental point of view the swelling
behavior is only partially understood. Experiments showed
that swelling proceeds stepwise, forming layers of water
molecules (layered hydrates) between the clay-mineral pla-
telets.[5–13] Interestingly, this swelling shows hysteresis; the
adsorption and swelling proceeds differently from desorption
and shrinking.[4, 6, 8–10,12–14] In the literature there is little
consensus about the molecular origin of this hysteresis.[15]
Explanations are given in terms of structural rearrangements
in the clay[8,16] or changes in interactions between layers upon
expansion or contraction.[13, 17] In this work, we use molecular
simulation to study the mechanism of Na–montmorillonite
swelling hysteresis in detail. In particular, we demonstrate
that this hysteresis has a thermodynamic origin and its
molecular mechanism is a free-energy barrier separating the
transition between stable layered hydrates. Our simulations
also predict how swelling hysteresis depends on the external
pressure.
Before discussing the mechanism of hysteresis in detail,
we should establish that we can reproduce the experimental
system sufficiently accurately. In our simulations we use the
TIP4P water model and we describe the clay–water and clay–
clay interactions with Lennard–Jones and Coulomb interac-
tions. We used clay mineral structures modeling Arizona[18]
and Wyoming[19] montmorillonite, which have a different
layer charge and swelling properties.[7] To mimic the exper-
imental setup, we allow the number of water molecules to
vary in our simulations. For a given clay mineral layer spacing,
we impose the temperature and the chemical potential of
water corresponding to a particular water (partial) pressure.
Special techniques are essential for these simulations to
ensure that we can sample the high-density water phase
correctly. Details on the simulation techniques and models
can be found in the Supporting Information and in refer-
ences [18] and [19]. In Table 1 we compare the stable states
obtained from our molecular simulations with the experi-
mentally observed stable states for Arizona[6] and Wyoming[9]
Na–montmorillonite. These results show that our water–clay
model can accurately reproduce both the basal spacing as well
as the water content. The computed basal spacings are also in
agreement with computer simulations.[14,19,20]
Experimentally, adsorption and desorption experiments
can be carried out by changing the temperature or the relative
humidity (RH), related to the water chemical potential (m).
Figure 1 shows the free energy as a function of the basal
spacing of the clay mineral for various values of the relative
humidity. The minima in the free-energy curves are related to
the packing of the water molecules and therefore indicate
layer formation between the clay-mineral platelets. At low
relative humidity the one-layer state has the lowest free
energy. If we increase the humidity, we observe that above a
particular value of the relative humidity the two-layer state
has the lowest free energy. Figure 2 shows the relative free
energies of the stable states as a function of the relative
humidity or, equivalently, the chemical potential. Without
Table 1: Comparison of the simulation results with experimental meas-
urements for Wyoming (W) and Arizona (A) montmorillonite.[a]
Basal spacing [ ] Water content [gg1]
Sim. Exp. Sim. Exp.
1-layer (W) 12.75 12.49[b] 0.122 0.11–0.13[b]
2-layer (W) 15.50 15.55[b] 0.231 0.19[b]
1-layer (A) 12.75 12.5[c] 0.135 –
2-layer (A) 15.00 15.3[c] 0.232 –
[a] The stable one-layer (RH=25%) and two-layer (RH=67%) states
correspond to those basal spacings for which the free energy has a
(local) minimum at the given external pressure (1 atm). [b] From Cases
et al.[9] [c] From Chipera et al.[6]
Figure 1. Free energy (DF) per unit area of the clay layers (A) of the
Wyoming clay–water system as a function of the basal spacing (d001)
for various values of the RH; as a reference we used the free energy of
the dehydrated clay.
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hysteresis the system would jump from the one-layer to the
two-layer state and vice versa at exactly the point where the
two free energies are equal. However, Figure 1 also shows
that the two stable states are separated by a maximum in the
free energy. To swell or shrink, the system has to overcome
the free-energy barrier. For swelling, this barrier is the
difference between free energies of the maximum and the
one-layer stable state, and for desorption this barrier is the
difference between the free energies of the maximum and the
two-layer stable state. Figure 2 shows that one has to decrease
or increase the relative humidity significantly beyond the
point of equal free energies before these barriers disappear.
According to our simulations, the free-energy barrier
alone explains the existence of hysteresis in an adsorption/
desorption experiment. The free-energy barrier we calculate
in our simulation is the barrier of swelling the entire clay
system at once. Since this barrier is proportional to the total
area of the clay-mineral platelets, the total free-energy barrier
should be very large and, in a perfect crystal, the system can
only jump if this barrier has (almost) disappeared. This fact is
also observed when we simulate a swelling experiment; the
jumps in the swelling and shrinking curves correspond to
those relative humidity values for which the barrier has
disappeared.[14] Figure 2 also shows that the hysteresis loop
depends on the type of clay mineral. Compared to Wyoming,
the hysteresis loop for Arizona montmorillonite shifts to
lower values of relative humidity.
Our simulations therefore do not support the hypothesis
that clay swelling hysteresis is caused by irreversible changes
in the clay mineral structure.[8,16] However, this does not imply
that defects or local changes in the structure of the clay
mineral have no influence on the hysteresis. In our mecha-
nism defects can induce “nucleation” sites from which the
new stable state “grows” into the system and therefore result
in a hysteresis loop that is significantly smaller than one would
observe in an ideal system.
Relatively little is known about the swelling behavior of
clay minerals at high external pressures, representing con-
ditions in sedimentary basins.[21] We can use our simulations to
investigate the effect of external pressure on the hysteresis
loop. Figure 3 indicates that one can also observe a hysteresis
loop by changing the external pressure. By increasing the
external pressure, one can induce desorption by changing the
clay mineral from a two-layer into a one-layer state.
Interestingly, because of hysteresis, a subsequent decrease in
pressure does not recover the original two-layer hydrate for
Wyoming montmorillonite. It would be interesting if experi-
ments can confirm swelling hysteresis as a function of the
external pressure.
In summary, our simulations show that clay swelling
hysteresis has a thermodynamic origin. The molecular
mechanism for this hysteresis is a free-energy barrier, which
separates stable layered hydrates. This barrier determines the
swelling and shrinking of clay minerals. We also show that
applying external pressure on clay minerals can induce
hysteresis.
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